Einsatz von System Dynamics zur Modellierung der Szenarien-basierten Entwicklung des deutschen Biomethanmarktes by Horschig, Thomas
 
 
Einsatz von System Dynamics zur Modellierung der Szenarien-
basierten Entwicklung des deutschen Biomethanmarktes 
 
 
Von der Wirtschaftswissenschaftlichen Fakultät 




Zur Erlangung des akademischen Grades 
Doktor-Ingenieur  





von M.Sc. Thomas Horschig 




Gutachter: Prof. Dr.-Ing. Daniela Thrän 









Verfasser: Horschig, Thomas 
Titel:  Einsatz von System Dynamics zur Modellierung der Szenarien-basierten Entwicklung 
des deutschen Biomethanmarktes 
 
Universität Leipzig, Dissertation 
173 Seiten, 404 Literaturangaben, 43 Abbildungen, 16 Tabellen, 1 Anlage 
Kurzreferat: 
Biomethan aus lignin-reicher Biomasse (Holz, Stroh) wird durch thermochemische Vergasung 
hergestellt (Bio-SNG (biogenic synthetic natural gas)), während Biomethan aus lignin-armer 
(Energiepflanzen, tierische Exkremente, organischer Abfall,etc.) Biomasse durch anaerobe Vergärung 
hergestellt wird (Biomethan). Es kann zur Strom- und Wärmeversorgung beitragen, sowie als Kraftstoff 
im Verkehrssektor eingesetzt werden. In den genannten Sektoren kann Biomethan aufgrund der 
chemischen und physikalischen Äquivalenz zu fossilem Erdgas dieses substituieren und zum 
Klimaschutz beitragen.  
Die Anwendung von Erneuerbarem Methan als Option im Rahmen der Umgestaltung des auf fossilen 
Brennstoffen basierenden Energiesystems wird seit 2004 durch legislative Unterstützungsprogramme 
wie das Erneuerbare Energie Gesetz gefördert. Dies führte zur Entwicklung des weltweit größten 
Marktes für Biomethan. Bio-SNG ist bis heute nicht markt-relevant. Im Laufe des Überganges zu einem 
konsolidierten Markt für Erneuerbare-Energie-Produkte (bspw. Strom) wurden seit 2014 die 
Förderhöhen für diese reduziert. Als Folge stehen Produkte aus Erneuerbaren Energiequellen, wie bspw. 
Biomethan, in Deutschland vor einer ungewissen Zukunft, da die aktuellen Förderhöhen weder für einen 
weiteren Ausbau der Produktionskapazität ausreichen noch eine Erneuerung der Anlagen (nach 
Beendigung des Produktlebenszyklus) ermöglichen. Daher soll im Rahmen dieser Dissertation folgende 
Kernfrage beantwortet werden: 
• Unter welchen Randbedingungen kann sich Biomethan im Wettbewerb mit Erdgas auf dem 
deutschen Markt etablieren und welche Mengen an Biomethan werden dann produziert? 
Zur Beantwortung der Kernfrage wurde ein dynamisches Simulationsmodell anhand der Methode 
System Dynamics entwickelt. Auf Grundlage des Simulationsmodells wurden anschließend Szenarien 
definiert und simuliert. Als Untersuchungsraum wurde Deutschland im Zeitraum 2000 – 2035 gewählt. 
Die Simulationsergebnisse zeigen, dass eine Kombination aus Erhöhung des CO2-Preises des 
Europäischen Emissionshandelssystems und einer Förderung der Produktion von biogenem 
Flüssigerdgas potentiell in der Lage wäre, einen großen Anteil der aktuellen Biomethanproduktion 







One key target of the Paris Agreement that brings countries together in a common effort to combat 
climate change and its effects is the reduction of energy-related greenhouse gas emissions. One pathway 
is the substitution of fossil energy carriers through low carbon renewable options and thus to reduce 
energy related emissions. Among renewable energy options gaseous energy carriers play an important 
role substituting fossil energy carriers in already existing infrastructure. One such energy carrier is 
renewable methane. Renewable methane can be produced via anaerobic digestion of feedstock like 
energy crops, animal waste, organic waste or municipal waste or via thermochemical gasification of 
feedstock like straw and wood. Biogenic methane from anaerobic digestion is often referred to as 
biomethane whereas biogenic methane from thermochemical gasification is often referred to as bio-
SNG (biogenic synthetic natural gas). While the production of biomethane from anaerobic digestion 
dominates the market, the production of biomethane via thermochemical gasification is currently not 
market relevant and still in research and development phase. Biomethane is conditioned in a way that it 
is chemically (composition) and physically (energy content) equal to natural gas (at the respective gas 
network feed-in point). It`s composition is determined by regulations for the feed-in of gas into the 
natural gas grid. In order to support a technology open energy transition the German government 
implemented gas upgrading and thus biomethane as an option in several energy scenarios and 
consequently renewable energy support programmes leading to a market build up resulting in about 200 
biomethane plants (2017) forming the largest biomethane market in the world. Now that the phases of 
initiation and build-up are finalized, the biomethane market is close to consolidation and has to manage 
its role in a future carbon-neutral energy sector. This will come along with an adjustment of the several 
regulations, laws and acts (policies) that regulate and supported the build-up of the biomethane market. 
Current support programmes offer less financial support compared to the phase of market build-up 
which is why it is expected that overall biomethane capacity is most likely going to decrease. 
Considering the above mentioned and the soon occurring challenges the following research question 
was derived for this dissertation:  
 
Under what boundary conditions in the medium-term is a competitive setting for biomethane compared 
to fossil natural gas established and which quantities of biomethane will then be produced? 
 
To answer this research question a dynamic simulation model based on system dynamics modelling 
methodology was developed. This model captures anaerobic methane in a market simulation approach 
and thermochemical produced bio-SNG via a learning curve approach. In addition, an extension of the 
basic model was developed that captures promising new business options utilizing arising process 
carbon from the biogas upgrading process. Scenario-driven results using the developed market 
simulation model indicate that a large proportion of the biomethane used today will no longer be 
produced economically when the financial support of the Renewable Energy Act ends after a period of 
20 years. This is due to the fact that the number of incentive receiving facilities, which are combined 
heat and power plants using biomethane and thus representing the demand side, are most likely going 
to decrease. As a consequence the most important sales potential for biomethane producers is going to 
decrease, too. Following scenario-driven simulation results, the transport sector would be able to 
compensate large proportions under a strong stepwise increment of the price for emission allowances to 
a level above 100 € per ton CO2 leading to a capacity development of about 5,000 TJ in the transport 
sector. Regarding new business options the simulation results indicate that a business case with a 
combination of bio-LNG and dry ice production is capable of being a future business option for 
biomethane plants under certain boundary conditions like the use of organic waste as feedstock and the 
complete sale of the produced dry ice. However, a successful implementation of new technologies and 
thus business opportunities resulting in market uptake has to consider other aspects then economic like 
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BDM Bass Diffusion Model  
BiMaSiMo Biomethane market simulation model  
BImSchG Federal Immission Control Act 
bio-LNG Biogenic liquefied natural gas 
bio-SNG Biogenic synthetic natural gas 
CAPEX Capital expenditure 
CCU Carbon capture and utilization 
CGE  Computable General Equilibrium 
CH4 Methane 
CHP Combined heat and Power 
CLD Causal-loop diagram 
CO2 Carbon dioxide 
DBFZ Deutsches Biomasseforschungszentrum 
DWW Pressure Washing 
EnWG German Energy Industry Act 
ETS Emission Trading System 
EU European Union 
FM Fresh matter 
GHG Greenhouse Gas 
GWh Gigawatt hours 
H2O Water vapour 
H2S Hydrogen sulphide 
H-Gas Natural gas with high energy content 
JA Journal Article 
kt  Kiloton 
kWel Kilowatt electrical output 
kWh Kilowatt hours 
MW / MWel Megawatt / Megawatt electrical output 
n/a Not available 
Nm³/h Normal cubic meter per hour 
O2 Oxygen 
OPEX Operating expenditure 
ppm Parts per million 
PSA Pressure Swing Adsorption 
R&D Research and Development 
REA Renewable Energy Sources Act 
RED Renewable Energy Directive 
ROI Return on investment 
10 
 
SD System dynamics 
SFD Stock-and-flow diagram 
t Ton 
TJ Terajoule 
TWh Terawatt hours 




























The Federal Government aligned itself with the goal of the Paris Agreement that in the second half of 
this century global greenhouse gas neutrality should be achieved. The medium-term goal is to reduce 
greenhouse gas emissions in Germany by at least 55 percent by 2030 compared to 1990 levels (BMUB 
2016b). One pathway supporting this is the substitution of fossil energy carriers with renewable energy. 
The most recent measure aiming at a more efficient use or provision of energy and the expansion of 
renewable energies is the national climate protection plan, which was introduced in 2016. The plan 
includes sectoral targets for energy industry, transport, industry, buildings and agriculture and is 
supposed to be revised regularly (BMUB 2016a). Regarding this issue, the production and utilization of 




Figure 1 Primary Energy Consumption in Germany in 2017 (AG Energiebilanzen e.V. 2018) 
 
By the end of 2017, renewable energy had an overall share of 13 % in primary energy consumption in 
Germany (Figure 1 Primary Energy Consumption in Germany in 2017 (AG Energiebilanzen e.V. 2018). 
Amongst the renewables bioenergy had the largest share with 54 % in primary energy consumption and 
is currently the only mature renewable option in the transport sector (AG Energiebilanzen e.V. 2018). 
Thus, bioenergy can be considered a major type of renewable energy (IRENA 2017). Regarding the 
amount of bioenergy in the power sector, a share of 70 % comes from biogas and biomethane in 2017. 
According to a meta-analysis of current energy scenarios performed by dena (Dena Deutsche Energie 
Agentur 2017), bioenergy is supposed to play an increasing role in the sectors heat, power and transport. 
From most of the studies included in the meta-analysis it gets obvious that the rate of development 
decreases, but the overall use of bioenergy is supposed to increase. Among the evaluated studies the 
share of bioenergy in the different sectors range between zero per cent (power sector in (Gerhardt et al. 
2015)) and 82 % (transport sector in (Zeddies et al. 2014)). In most studies the proportion of bioenergy 
and in particular biomethane is in the transport sector in 2050 many times higher than currently. One 
reason for this is the assumption of an increased use of biomethane in the form of bio-LNG in the heavy 
duty transport sector and in shipping traffic. The authors of the meta-analysis draw a different picture 
for the heating sector. Scenarios achieving the above mentioned climate protection goals of the German 
government assume a decreasing to stagnating use of bioenergy and biomethane for heating purposes. 
Two studies included in the meta-analysis assume an increased use of biomethane between 18 TWh to 
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35 TWh until 2050 (Thrän et al. 2015; Nitsch 2015). The role of bioenergy in the power sector is seen 
diverse throughout the scenarios, varying between 30 TWh to almost 80 TWh (current power production 
from bioenergy: 50 TWh) (Dena Deutsche Energie Agentur 2017).  
Depending on the bioenergy value chain significant greenhouse gas emission savings can be achieved 
(Oehmichen und Thrän 2017). Regarding greenhouse gas emission savings it is important to consider if 
new infrastructure needs to be build up for the substitution of fossil energy. One biogenic energy carrier 
that can substitute fossil energy in the already existing infrastructure is upgraded biogas, so-called 
biomethane. Biomethane is conditioned in a way that it is chemically (composition) and physically 
(energy content) equal to natural gas (at the respective gas network feed-in point). It`s composition is 
determined by regulations for the feed-in of gas into the natural gas grid (Adler et al. 2014), compare 
chapter 2.1. Considering these figures and the greenhouse gas saving potential of bioenergy, it can be 
concluded that bioenergy (especially biomethane) could play an important role in achieving the goals of 
the Climate Action Plan 2050 (Dena Deutsche Energie Agentur 2017).  
 
Because of the above described advantages (and other benefits like rural development) the German 
government implemented biomethane as an option in several energy scenarios and thus renewable 
energy support programmes (Dena Deutsche Energie Agentur 2017). Currently about 200 biomethane 
plants produce about 120,000 Nm³/h renewable gas and form the largest biomethane market in Europe 
(Dena Deutsche Energie Agentur 2016). This market development was mainly triggered by the different 
versions of the Renewable Energy Sources Act (REA) (especially since 2004) and accompanying 
regulations, setting favourite conditions for construction, access to electricity markets and gas grids as 
well as investment and financing securing measures (German Energy Industry Act, Gas Network Access 
Regulation, The Federal Immission Control Act and the Renewable Heat Act). The conditions were 
bound to measures addressing efficiency and sustainability (mainly The Biofuel Sustainability 
Regulation, The Biomass Order, The Act on Fertilizers and The Combined Heat and Power Generation 
Act). Alongside with the incitement of a market development was an increased effort in R&D to provide 
solutions (feedstock, conversion, efficiency, etc.) during the market build-up. Now that the phase of 
initiation and build-up of a market seems to be ended from the political point of view, the biomethane 
market has to manage its role in an energy sector thriving for intense emission reductions (61 to 62 
percent by 2030 compared to 1990 (BMUB 2016b). This will come along with an adjustment of the 
several regulations, laws and acts (policies) that regulate the biomethane market. For example, the most 
recent revision of the main governmental support programme for renewable energy expansion, the 
Renewable Energy Sources Act, originated in too low compensation rates for a further expansion of the 
biomethane market. The compensation is guaranteed for a period of 20 years. After that period a re-
investment in the facility is in most cases necessary. However, it is expected that without sufficient 
governmental support, biomethane capacity is most likely going to decrease (Horschig et al. 2017). 
Considering the above mentioned and the soon occurring challenges the following research question 
was derived for this dissertation:  
 
Under what boundary conditions can biomethane compete with natural gas in the German gas market 
and what quantities of biomethane will then be produced? 
To derive information that helps to answer the above stated research question modelling of sound 
scenarios is a recognised procedure. This modelling approach has to be chosen with care, wherefore the 
following sub-question for this dissertation was derived: 
1. How could the dynamics and utilisation complexities in an integrated approach for renewable 




To answer this sub-question the following objective was derived:  
i. provide a systematic overview of a set of modeling methodologies capable of evaluating 
renewable energy policies 
The integration of a biogenic energy carrier into a modeling environment is mostly complex, because  
more sectors have to be considered than in usual electricity sector models, namely power sector, heat 
sector and transport sector.  
Results of sub-question 1 and an associated market analysis will be the basis for the development of a 
model to estimate the effect of new policies and regulatory changes to the current market. The following 
sub-question 2 was derived for this dissertation: 
2. How will the German biomethane market react on changing boundary conditions/policies in 
terms of producing capacity, greenhouse gas emissions and natural gas substitution pathways? 
In a next step a simulation model was developed, which is able to estimate the effect of policy changes. 
During this step the sub-question 2 was divided into the following research objectives: 
ii. Assess the current biomethane production based upon existing operational biomethane 
plants via literature and database study. 
iii. Calculate the future reasonable potential for increased biomethane production. 
iv. Analysis of the greenhouse gas (GHG) savings for different biomethane value chains 
substituting existing fossil fuel value chains in the combined heat and power (CHP), district 
heating, and transport sector. 
v. Derive current and future market uptake of bio-SNG from lignin rich biomass in Germany.  
vi. Develop a dynamic simulation model considering the sectors power, heat and transport for 
policy effect modelling of a biogenic energy carrier. 
vii. Develop a dynamic simulation model for biogenic energy carriers determining the market 
reaction rather than using predefined trajectories.  
viii. Develop a (market) simulation model which is able to determine substitution pathways for 
natural gas. 
Whereas sub-question 2 includes only current market-implemented technologies it is important to 
incorporate promising technologies associated with the biomethane production that could help make a 
biomethane facility independent from governmental subsidies by providing additional income. 
Therefore, the following third sub-question was derived for this dissertation:  
3. Which role can future technologies and promising business options play using arising side 
products of biomethane production to improve market access? 
 
Promising business options can be distinguished between trade options and the use of the biogenic CO2 
arising during the production of biomethane for a multitude of processes and thus products that can be 
sold. For this purpose Germany is assumed to be a closed system and trade is not considered. From the 
sub-question 3 the following research objective was formulated:  
ix. Evaluate the economic possibilities of CO2 utilization approaches for biomethane plants for 
the case study of Germany to provide information if the presented approaches are capable 




The above mentioned research objectives are integral part of the Journal articles forming this 
dissertation. The allocation of each research objective to a respective Journal article is given in Table 1.  
 
Table 1 Overview on research questions, research objectives and respective research articles 
Research Objectives Journal Article [JA] 
 
i. Provide a systematic overview of a 
set of modelling methodologies 
capable of evaluating renewable 
energy policies. 
[JA 1]  
Are decisions well supported for the energy 
transition? A review on modelling approaches for 
renewable energy policy evaluation (Horschig und 
Thrän 2017a) 
 
Status: Published in Energy, Sustainability and 
Society, 2017, 7:5 
Doi:10.1186/s13705-017-0107-2 
 
ii. Assess the current biomethane 
production based upon existing 
operational biomethane plants via 
literature and database study. 
 
iii. Calculate the future reasonable 
potential for increased biomethane 
production 
 
iv. Analysis of the GHG savings of 
different biomethane use scenarios 
of substituting existing fossil fuel 




Reasonable potential for GHG savings by 
anaerobic biomethane in Germany and UK 
derived from economic and ecological analyses 







Status: Published in Applied Energy, 2016, 
Volume 184 
Doi:10.1016/j.apenergy.2016.07.098 
v. Derive current and future market 
uptake of bio-SNG from lignin rich 
biomass in Germany.  
 
[JA2] 
Model-based estimation of market potential for 
Bio-SNG in the German biomethane market until 
2030 within a system dynamics approach  
(Horschig et al. 2016b) 
 
Status: Published in Agronomy Research, 2016, 
Volume 14 
 
vi. Develop a dynamic simulation 
model considering the sectors 
power, heat and transport for policy 
effect modeling of a biogenic 
energy carrier. 
 
vii. Develop a dynamic simulation 
model for biogenic energy carriers 
[JA 4] 
How to decarbonize the natural gas sector: A 
dynamic simulation approach for the market 
development estimation of renewable gas in 





determining the market reaction 
rather than using predefined 
trajectories. 
 
viii. Develop a (market) simulation 
model which is able to determine 






Status: Published in Applied Energy, 2018, 
Volume 213 
Doi:10.1016/j.apenergy.2017.11.016 
ix. Evaluate the economic possibilities 
of CO2 utilization approaches for 
biomethane plants for the case study 
of Germany to provide information 
if the presented approaches are 
capable of generating sufficient 
additional value for currently 
operating biomethane plants  
[JA 5] 
From Paris Agreement to business cases for 
upgraded biogas: Analysis of potential market 
uptake for biomethane plants in Germany using 
biogenic carbon capture and utilization 
technologies  
 
Status: Published in Biomass and Bioenergy, 





















2. Materials and background 
 
In order to develop a sound simulation model of the German biomethane market it is necessary to derive 
information about biomethane itself, its production as well as associated issues like greenhouse gas 
emission savings, international emission trading, economic aspects and the current market status. The 
explanation of this information is necessary to provide a basic understanding about the market 
mechanisms influencing this work. Those issues encompass both parameters for the model as well as 
the market structure, its functioning and thus the model concept.  
2.1 Biochemical biomethane production technologies 
 
The raw material of biomethane production is biogas. This can be produced through anaerobic digestion 
of a wide variety of feedstock , i.e. biowaste, sewage sludge, food residues, manure and purpose grown 
energy plants (maize, corn, and grass). A side product during the production of biogas is digestate, which 
can be used as fertilizer. The biomass/feedstock is anaerobically fermented to biogas by 
microorganisms. The fermentation is done in four stages, namely hydrolysis, acidogenesis, acetogenesis 
and methanogenesis (Kaltschmitt et al. 2009). As illustrated in Table 2 there are proportions of carbon 
dioxide, water vapour, ammoniac and hydrogen sulphide in the raw biogas. Necessary steps of 
upgrading encompass carbon dioxide removal, desulphurization and drying. After the upgrading 
process, biogas can be fed into the gas grid and is then called biomethane. With the possibility of feed-
in into the gas grid biomethane can be transported and stored. Fossil gas in the gas grid has a methane 
content of about 83 – 98 % (H-Gas) whereas biogas before the upgrading process has a methane content 
of about 50 – 70 % only (Adler et al. 2014). The carbon dioxide proportion of biogas is about 30 – 50 
%. Table 2 shows the typical composition of biogas, depending on production pathway and feedstock.  
Table 2 Composition of biogas and natural gas (Adler et al. 2014)  
Element Proportion in biogas Proportion in natural gas 
methane (CH4) 50 – 70 Vol.-% 83 – 98 Vol.-% (H-Gas) 
carbon dioxide (CO2) 30 – 50 Vol.-% 0 – 1.4 Vol.-% (H-Gas) 
water vapour (H2O) <1 Vol.-% n/a 
hydrogen sulphide (H2S) 100 – 5000 ppm n/a 
oxygen (O2) < 1 Vol.-% 0 
 
For most of the upgrading methods the first step is desulphurization. This is done to prevent corrosion 
in the upgrading facility and the increase of methane content. Desulphurization is possible with 
biological (sulphur consuming bacteria) and chemical processes (ferric hydroxide). Both processes are 
state-of-the-art and used frequently. Besides the desulphurization it is often necessary to dry the water 
vapor saturated biogas, depending on the upgrading process. State-of-the-art is drying by condensation 
procedures resulting in a water vapor content of less than 0.15 Vol-%. The most important step for the 
increment of the methane content is the carbon dioxide separation. Currently there are five gas separation 
methods used in Germany. These are PSA (Pressure Swing Adsorption), DWW (pressure washing), 
chemical washing, cryogenic separation, and membrane separation. More information on the different 
technologies can be found in (Billig 2016).  
The production costs of biogas from renewable raw materials show a significant size degression in 
relation to economy of scale and are often in the range of 6.5 to 5.5 €-ct / kWh (Dunkelberg et al. 2015). 
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Costs for upgrading differ between 0.48 €-ct / kWh and 1.5 €-ct / kWh depending on the type and size 
of the upgrading unit (Adler et al. 2014). This prize has to be added to the raw gas production costs 
resulting in a range of 6.4 – 8.8 €-ct / kWh for biomethane production (Figure 2). The average sales 
price of biomethane in 2014 was 7.02 €-ct / kWh (Adler et al. 2014). Renewable resources play a major 
role as feedstock with about 77 % (mass related) (Dena Deutsche Energie Agentur 2016). In addition, 
grass, corn and bio waste is used. In 2014 the average price for maize silage, the most important 
renewable resource for biomethane production, was 38.8 €/t FM (own production) and 43.7 €/t FM 
(additional purchase). With up to 60 % the cost for feedstock is the major proportion at the final price 
of biomethane. In addition, network charges (0.2 – 0.8 €-ct / kWh), concession fee (≈  0,03 €-ct / kWh), 
control energy levy (0.06 – 0.12 €-ct / kWh) and costs for the use of flexibility build up the costs for the 
production of biomethane (Dena Deutsche Energie Agentur 2013). Biomethane from organic waste is 
usually 1 – 3€/ct / kWh cheaper than biomethane from renewable resources (Scholwin et al. 2014).  
 
 
Figure 2 Exemplary biomethane production costs (Adler et al. 2014) 
 
According to data from DBFZ - Deutsches Biomasseforschungszentrum gGmbH biogas plants with a 
size of up to 350 m³ biomethane production per hour are mainly located in the agricultural sector. Larger 
plants are mostly operated by industrial operators, municipalities or energy supply companies. From this 
chapter it gets obvious that the supply with biomethane is associated with a plurality of different costs 
resulting in a 1.2 - 1.4 times higher price than for biogas and a 2-3 times higher price than for natural 
gas, its fossil alternative. This gap needs to be filled by governmental support during market initiation 
phase.   
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2.2 Thermochemical biomethane production technologies 
 
Besides the described process of biomethane production from lignin-poor biomass there is a promising 
approach for the production of biomethane from lignin-rich biomass like wood and straw. The so-called 
thermochemical production pathway leads to a synthetic natural gas (SNG) from renewable resources. 
It is therefore also called bio-SNG. The thermochemical production pathway is a high-tech process 
encompassing the process steps (1) biomass pre-treatment, (2) biomass gasification, (3) product gas 
cleaning, (4) gas conditioning and (5) raw biomethane upgrading (Rönsch et al. 2009). Within the 
process step of biomass pre-treatment the heterogeneous feedstock needs to be homogenized. This is 
mainly done through chopping and mixing. The homogenized feedstock is then converted to a product 
gas. This is done in the gasification reactor with a gasification agent like oxygen. The product gas 
consists mainly of CO2, CO, H2O, H2 and CH4. An associated product gas cleaning is necessary to 
prevent facility parts from corrosion and damage. Lastly the product gas needs to be upgraded. The 
production of bio-SNG is advantageous in terms of low greenhouse gas emissions during the production 
of it and the possibility of to inject the gas into the gas grid, where it can be transported and stored 
without further investments in infrastructure, whereas transmission costs can occur (Horschig et al. 
2016b). Typical production costs of thermochemical biomethane vary between 6.8 – 18.2 €-ct / kWh 
mainly depending on the plant size (Billig 2016).   
2.3 Current market development status 
2.3.1 Germany`s market in the European context 
 
With about 200 biomethane producing facilities by the end of 2016, Germany is the leading market for 
the production of biomethane (≈ 120,000 Nm³/h) throughout the world (Dena Deutsche Energie Agentur 
2016). The same applies to biogas, with more than 9,000 plants in Germany representing about 50 % of 
Europe`s installed biogas capacity (Scarlat et al. 2018). In parallel, a similar development took place in 
several European countries. In the past three years, the European biomethane market experienced a 
steady growth with more than 92 new biomethane plants commissioned, an increase of 25 percent from 
the prior years. Whereas Germany is still leading the European market significant growth was observed 
in other European countries like the United Kingdom with 43 new plants, France with 12, Switzerland 
with 11, and Denmark with 6. From 459 biomethane plants under operation by the end of 2016 in Europe 
about 70 % injected into the gas grid. For the production of biomethane in countries like Germany and 
Latvia mainly energy crops and agricultural residues are processed. Instead, a combination of sewage, 
bio-waste and industrial waste is used in countries like Finland, Sweden and the United Kingdom. About 
10 % of the produced biomethane is used in Europe`s transport sector. Cross-border trade is currently 
limited to bilateral agreements (Switzerland-Germany, Denmark-Germany) but effort is done to 
overcome this limitation.  
 
 
2.3.2. Current status of biochemical and thermochemical biomethane in Germany 
 
Biomethane in Germany is overwhelmingly used in CHP plants (87%), as fuel (4%) and for direct heat 
provision and export (9%) (Dena Deutsche Energie Agentur 2016). Besides production potential, 
technological and economic issues it is also important to consider competition within CHP-plants for 
natural gas which is crucial for investment decisions influencing the market development (Uusitalo et 
al. 2015). The first biomethane using CHP plant was connected to the grid in 2006. After an initial phase 
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continuous development of the biomethane sector has been realized. However, due to the most recent 
adaption of the Renewable Energy Act (REA) there is an almost encompassing drop of the construction 
of new biomethane production facilities (Horschig et al. 2017; Horschig et al. 2015; Horschig und Thrän 
2017b, 2016) .Currently, most of the operating bio-SNG plants were built with the purpose of R&D 
work. The “GoBiGas”-site in Sweden, which started its operation in 2014 (first injection of gas in gas 
grid) processing waste wood to produce 800 GWh/ year SNG gas has been shut down with an option  to 
be recommissioned (if market conditions change). A SNG demonstration project in Güssing processes 
wood chips to produce 8 MW of fuel and is still operational. Further bio-SNG projects were built in 
Denmark (Dong Pyroneer Plant) and the UK (Birmingham Bio Power Plant) (European Technology and 
Innovation Platform Bioenergy 2018). Production costs of power from anaerobic biomethane varies 
between 17 €-ct to 25 €-ct (depending on plant type and value chain), whereas heat from anaerobic 
biomethane costs about 9 €-ct to 11 €-ct (own calculations). In the transport sector, there figures are not 
accessible, however it can be said that biomethane is sold for about 1,10 € per kg of fuel at gas stations.  
 
 
2.4 Legislative framework 
 
The policies in Germany fostering bioenergy production (as one renewable energy) from the past until 
today have a certain special status. The REA promoted renewable energies in Germany in a 
comparatively protected market. Among other things, this includes an interest in a regulator, who also 
clarifies issues concerning the REA, ensuring non-discriminatory market access, unbundling as a 
precondition against market dominance, the liberalization of submarkets and transparent network fee 
determination (Hirschl 2008). However, with the past revisions of the REA renewable energies in 
Germany are losing their special status, i.e. through instruments like the market premium tariff 
(Biogasrat e.V. 2011).  In the case of biomethane, the premium is paid for the final utilization in CHP 
plants.  
The energetic use of biomass is caught between different policy sectors. In general, the aims of 
bioenergy production and thus biomethane production can be classified in the policy sectors energy, 
environment, agriculture and economy. Energy policy targets include, inter alia, issues like security of 
supply, reduction of fossil fuel utilization and diversification of energy supply. Environmental policy 
aims with regard to bioenergy and thus biomethane production include, inter alia, climate protection, 
biodiversity and rural development. The last issue is also integral part of agricultural policy in addition 
to i.e. circular economy aspects. The focus of economic policy with regard to bioenergy production is 
seen in the export of technologies and the economic growth through within the bio-sector (bioeconomy) 
(Böttcher 2013). If the future production capacity of a biogenic energy carrier like biomethane shall be 
examined, it is essential to consider the linkages between the different policy sectors as well. For 
example, the security of supply is mainly a national topic and thus targeted with national strategies. In 
contrast, environmental policies are caught between national targets and international ones like the EU 
Renewable Energy Directive (RED). In Germany, this is implemented in the sustainability ordinance on 
power from biomass and the biofuel sustainability ordinance. Such regulation has always been subject 
to revisions due to ex-post analyses (Radaelli 2009). In 2015, the Directive 2015/1513 amends the 
Directive 2009/28/EC on the promotion of the use of energy from renewable sources which was 
implemented by the EU Fuel Quality Directive. The EU Fuel Quality Directive sets the EU's greenhouse 
gas reduction target for fuels of at least 6 percent by 2020. It contains sustainability criteria for biofuels 
and defines the GHG reduction for biofuels in comparison to fossil fuels as follows: 
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• at least 35% GHG savings by 31 December 2017 (applies to existing plants) 
• from January 1st, 2018, at least 50% GHG savings (applies to existing plants) 
Currently it is planned that a revised version of the RED enters into force in 2018. One of the new issues 
is the aim of an annual increase of 1 % of renewable energy in heat and cooling sector from the energetic 
use of waste. This reflects the current situation of the heat sector in many European countries. For 
example in Germany the potential of renewable energy in the heat sector has only been deployed to a 
small amount. Currently about 90% of the heat demand in Germany is covered by fossil fuels. The above 
describes issues can play an important role for biomethane, although current prices hinder a further 
penetration of it in the heat sector.  
Since 2004, the implementation of a biomethane market in Germany was promoted by a plurality of 
laws and regulations leading to a continuous expand of biogas upgrading plants and thus biomethane 
feed-in capacities. In comparison to biogas-plants with locally connected CHP-units, there is no 
fundamental right for compensation for the injected biomethane amounts but biomethane producers 
have to put their biomethane on the market on their own whereas the governmental policy mix helps to 
create the necessary markets. In the case of biomethane, the utilization in CHP units is monetarized 
creating a demand for biomethane and thus a market. The right for remuneration is reserved for the 
direct users of biomethane like CHP plant operators and this has encouraged growth of self-supplied 
CHP installations. The superior scheme introducing the regulated network access model is the German 
Energy Industry Act (EnWG). The access to the national network is regulated by cooperation 
agreements between German gas suppliers and transmission system operators. In relation to biomethane, 
the Gas Network Access Regulation (GasNZV) regulates terms and conditions for grid operators for the 
gas network access of biogas upgrading plants. The costs for the connection and access to the gas grid 
are split between the biomethane supplier (25%) and the grid operator (75%), but in general does not 
exceed 250,000 € for the upgrading plant operator. The main support scheme that fostered a predominant 
use of biomethane in the power and heat sector is the REA. It is in force since 2000 with regular 
adaptions in 2004, 2009, 2014 and 2016. The REA provides remunerations for electricity produced by 
biomethane in CHP’s under the requirement for the simultaneous production of heat and power. Because 
of the latest revisions of the REA in 2014 and 2017, economic support for further biomethane capacity 
expansion is no longer sufficient. In addition to the REA, the Renewable Energy Heat Act fosters an 
increased share of renewable energy within the heat sector, the Federal Immission Control Act 
(BImSchG) influences the market development via the so-called biofuel quota in the transport sector.    
 
2.5 Greenhouse Gas Emission Saving Potential of Biomethane 
 
The amount of GHG that can be saved substituting natural gas with biomethane differ depending on the 
biomethane supply chain including feedstock, biogas production technology and operating conditions 
of the plant, including the upgrading process from biogas to biomethane and the reference value for 
natural gas. Comparing the different biomethane applications in the power, heat and fuel sector, 
significant GHG emission savings can only be made with internal energy supply using energy being 
produced within the pathway of the biomethane production. Using organic waste as feedstock will result 
in the highest possible GHG emission savings in comparison to the fossil references because offsets are 
included for the methane releases which would otherwise have been occurred during waste disposal. 
State of the art technology is capable of an approximately GHG emission reduction of 30% when energy 
crops are used as feedstock. With manure as feedstock there can be an overall reduction of up to 200% 




2.6 Reasonable Potential of biomethane market development 
 
For the purpose of defining a potential for the maximum biomethane production that is sustainable and 
economic viable the term reasonable potential was defined. This was necessary due to the fact that the 
potential for biomethane production not only depends on the availability of feedstock like agricultural 
products or organic waste but also on the availability of biogas. Therefore, I argue that if there was 
enough feedstock for biogas production there is always enough feedstock for biomethane production. 
From an environmental point of view it has to be mentioned that there are biogas plant concepts were 
an upgrading of the raw biogas to biomethane is not favourable. In most cases this is dependent on the 
external heat usage of the biogas plant concept. Considering also economic aspects (incentive scheme 
structure, plant size, etc.) a reasonable potential of about 300 MWel (equals about 0.6 billion m³ CH4) 
was determined for the subsequent installation of biogas upgrading at existing biogas plant locations in 






















3. Methodology  
 
3.1 Selection of Modeling Approach (Methodology Sub-Question 1) 
 
The first step was an intensive literature review to identify the most important policy evaluation 
approaches and models, revealing the following research gaps: 
(i) A simulation model considering the sectors power, heat and transport for policy effect modelling of 
a biogenic energy carrier, 
(ii) A simulation model for biogenic energy carriers determining the market reaction rather than using 
predefined trajectories and  
(iii) A (market) simulation model which is able to determine substitution pathways for natural gas 
 
The identified approaches were grouped following (Spyridaki und Flamos 2014) and (Möst und Fichter 
2009) and encompass input-output analyses, computable general equilibrium, system dynamics, multi-
agent, multi-criteria analysis, theoretical analysis, and hybrid approaches. Next, case studies for the 
evaluation have been selected, using publications in databases of ScienceDirect and Mendeley. Different 
keywords in titles and abstracts were used to identify the relevant articles, such as policy evaluation, 
policy model, model evaluation, green energy model, and renewable energy model resulting in 180 peer-
reviewed research articles from 2005 – 2016 that were investigated deeper. Afterwards the following 
criteria were used to sort out inappropriate studies resulting in 48 case studies for the evaluation 
approach: 
 
• Clear assignment to one of the modelling approaches  
• Modelling technique and assumptions have to be published in detail  
• Traceability of modelling approach  
• Publications in peer-reviewed journals  
• Recent case studies regarding renewable energy policies 
 
The second step was to identify criteria that can be used to compare the various modelling approaches 
and to have a basis for the construction of a framework. To compare the models and their suitability to 
model and evaluate renewable energy policies, I chose the parameters: 
 
Spatial coverage: capability of covering the national level 
 
Sectoral coverage: In order to represent the interactions between the different sectors integrated in the 
biomethane market structure but simultaneously being aware of the amount of data needed at least a 
medium level of disaggregation is needed.  
 
Ex-post / Ex-ante: These terms are, inter alia, used to distinguish scientific methods basing on historic 
data from methods relying on conclusions from actual data. Ex-post methods are used to evaluate former 
and recent boundary conditions on their effects. Ex-ante methods are used to estimate the effect of 
changing boundary conditions based on actual data. In addition an ex-ante approach is capable of 
evaluating recent boundary conditions (the biomethane market structure), translating it into a modelling 
approach and estimate the effects of changing boundary conditions (scenario simulation).  Therefore an 




Quality of data sources: The examined modelling approaches are reliant on the quality of input data at 
a different level. This point has to be considered due to the fact that in some cases it can occur that data 
are not available and has to be estimated. The needed modelling approach shall be robust enough to 
handle not available and thus estimated data.  
 
Assumptions on actor behaviour: The looked for modelling approach shall be capable to include actor 
behaviour on a system level because entities on a low level are not supposed to be modelled. Instead the 
behaviour shall be modelled on an aggregated entity level.  
 
Assumptions on market behaviour: The structure and design of the German biomethane market demand 
a modelling approach that is capable of integrating the linkages and dependencies between the different 
consumption sectors (power market, heat market and transport market), dependencies on sustainable 
potential, the integration of new technologies via learning curves and market adoption approaches (bio-
SNG) as well as the time aspect.  
 
Time horizon: The modelling approach shall be capable of simulating medium-to long-term effects.  
 
It is important that the respective modelling methodology is capable of implementing these factors 
because the introduction of renewable energy is often associated with market failures, subsidies, 
governmental influence, learning curves, technological progress, cost degression, etc. Those issues can 
be captured by a methodology capable of implementing the above described criteria.  
 
 
3.2 Model development (Methodology Sub-Question 2) 
 
The next methodological step included a market analysis and potential estimation in order to set-up a 
sound model (incorporating factors like availability of land, but also economic and environmental 
constraints). At first the number of biomethane plants and their respective feed-in capacity was 
determined by using an extensive database of the DBFZ - Deutsches BiomasseForschungszentrum 
gGmbH. The produced biomethane was divided into farm-fed and waste-fed systems, as their 
biomethane production costs can vary. The share of waste-fed and farm-fed systems was calculated 
driven by the annual output of both feedstock systems and not by number of plants. Afterwards  
indicators and principles from (Scholwin et al. 2014) were used to calculate the reasonable biomethane 
potential. The methodological approach is presented in JA 3 in more detail (Horschig et al. 2016a).    
 
After laying the foundation of the model development by setting a methodology (system dynamics) and 
defining as well as elaborating the theoretical background (market analysis for system structure, etc.) 
the next methodological step encompassed the model development itself.  
 
I am aware that the development of the simulation model and its testing is one of the major achievements 
of this dissertation and could also be described in the results section. However, for the presentation of 
this achievement in this dissertation I would like to refer to other system dynamics based publications 
(i.e. cumulative dissertations) which is why the development of the model and its validation is presented 
in the methodology section rather than in the results section.  
 
System dynamics (SD) is a modelling methodology combining quantitative and qualitative aspects 
basing on the theory of dynamic systems first formulated by Forrester using an iterative process during 
model development (Figure 3) (Jay Forrester 1961). Insights generated during each step of modelling 
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can be used to revise another modelling step (Homer 1996), which is why system dynamics modelling 
itself can be regarded a dynamic process, represented by the inner circle of Figure 3 (modified from 
(Sterman 2000). Furthermore, the modelling process needs to be embedded in the dynamics of the real 
world system that is modelled (German biomethane market). That is why effective system dynamics 
modelling always needs a constant iteration between the model and the real world (referral system), 
represented by the outer circle of Figure 3 (modified from (Sterman 2000). Once one has a model 
capable of being simulated and created trust in the model structure (through model calibration) policies 
can be designed and evaluated (Horschig et al. 2017). 
 
 
Figure 3 Iterative modelling in System Dynamics (modified from (Sterman 2000)) 
 
Basically the development of a system dynamics based simulation model being able to test policies on 
their possible effects to the system encompasses five major steps according to Figure 3 and (Sterman 
2000): 
 
1. The first step encompasses the problem articulation with the questions: what is the problem and 
why is it a problem? Along with these considerations comes the definition of key variables and 
main concepts, the definition of the time horizon one must consider and the definition of the 
dynamic problem (reference mode).  
2. The second step comprises of the formulation of the dynamic hypothesis which consists of the 
individual steps initial hypothesis generation, endogenous focus and mapping (i.e. model 
boundary diagrams, causal-loop-diagrams and stock and flow maps). 
3. The third step is the formulation of a simulation model. For this step it is necessary to determine 
the decision rules, estimate parameters, where real world data is not available, behavioural 
relationships and initial values. Finally, the simulation model has to be tested for consistency. 
4. After the finalization of the simulation model it has to be tested against the reference mode. In 
addition its robustness under extreme conditions has to be determined as well as its sensitivity. 
5. The fifth step consists of policy design and evaluation with individual steps like scenario 
definition, policy design with new decision rules or strategies, what if analyses and testing of 
interactions of policies.   
 






Why it is worth to address the German biomethane market is justified by the overall research question 
of this dissertation as well as the presented research gaps. First market analysis and literature study 
revealed the key variables within the chosen system. The time horizon was set to 2000 – 2035 to capture 
short- to mid-term dynamics and effects of policies. In addition the reference mode was determined 




The implementation of the second step which comprises, inter alia, the formulation of the dynamic 
hypothesis started with the formulation of a dynamic hypothesis which is:  
 
The market development is highly dependent on exogenous price signals whereas internal dynamics 
play a minor role in securing market status.   
 
The design of the biomethane market simulation model (BiMaSiMo) and its modelling iteration is 
displayed in Figure 4. It consists of the following main elements:  
 
a. The model is driven by the overall Energy Demand of Germany until 2035, which is implemented 
exogenously. From that the share of energy demand which is fulfilled by gaseous fuels is determined 
through historic data and is interpolated until 2035. 
b. The actual market is described via eleven model plants (180–4029 kWel) with different provision 
modes that can be fed with biogas or bio-SNG. Nine of them were designed for the production of 
power in combined heat and power plants, one for the heat sector and one for the transport sector. 
The nine model plants for the production of power in combined heat and power plants were set up 
with three different operation modes (fixed infeed, infeed with small heat buffer and infeed with 
large heat buffer). The next step comprises an extensive cost-benefit calculation for each of the 
model plants (and for each operation mode of the nine CHP model plants) where the point of return 
on investment (ROI) is determined. The production of bio-SNG is implemented via a learning curve 
and cost degression approach.  
c. For the determination of the decision between the use of biomethane and its fossil alternatives the 
before mentioned eleven model plants are modelled analogous for natural gas. For each year from 
2000 until 2035 the point of ROI is calculated for the eleven model plants and their natural gas 
counterparts and influences the decision in conjunction with the gaseous fuels demand. Whereas the 
costs consist of feedstock consumption, operating expenditure (OPEX) and capital expenditure 
(CAPEX), the revenue component consists of revenues from power production, heat production and 
governmental support. 
d. The feedstock availability for natural gas is modelled exogenously as this is not seen as a part of the 
system influencing the behaviour of the overall system, due to the low risk of depletion of natural 
gas in the mid-term. In contrast, the feedstock availability for biomethane and bio-SNG is modelled 
endogenously in a sustainable context. Investment takes place only if it can be satisfied sustainably.  
e. Capacity development of biomethane and bio-SNG, respectively takes place if there is a demand for 
gaseous fuels, and the use of biomethane and bio-SNG is economically more favourable and can be 
fulfilled on a sustainable basis (see reasonable potential definition). However, the amount of 
investment if the aforementioned factors come into effect is reduced by factors like political 
uncertainty and attitude of investors which were calibrated from historic data. Capacity development 
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comes along with learning effects and decrease of costs. These learning effects again influence the 
point of ROI of the different model plants.  
f. Green customers influence the capacity development by being willed to pay a higher price for green 
energy through the purchase of biomethane in the direct heating market and the transport market 
according to a decision influenced by economic and environmental aspects. Policy adjustment can 
influence the investment behaviour of green customers through obligations to use renewable energy, 
marketing or advertisement of renewable products.  
g. The policy adjustment is influenced by green customers, capacity development and the performance 
and development of the ROI in the biomethane market. One example of scenario-based policy 
adjustment is GHG emissions and emission allowances trading. 
 
One important feedback in the biomethane market system is the use of biomethane and its effects on 
other sectors. In the way BiMaSiMo is set-up it is possible to determine the amount of biomethane and 
natural gas used in the different sectors. An increasing use of biomethane in one sector influences the 
use of biomethane in the other sectors by aggravating the competition for feedstock, which in turn 
increases the price of biomethane. This in turn will influence future investment decisions as more and 
more options of using biomethane become less economically feasible. The complete model description 




Figure 4 Conceptual model of BiMaSiMo (numbers represent chronology of simulation steps) 
In addition, it has to be mentioned that the anaerobic digestion part of the model was mainly calibrated 
by data from national publications and internal data from DBFZ Deutsches Biomasseforschungszentrum 
gemeinnützige GmbH (German Biomass Research Centre). The thermochemical production part of the 
model was mainly calibrated with data from national publications and a previous dissertation at the 
DBFZ (Billig 2016). The final stock – and – flow diagrams of BiMaSiMo are shown in Figures 3 - 7 of 










The third step included the finalization of the simulation model, and the estimation of parameters and 
initial values as well as behavioural aspects. Those can be found in the supplementary data file of JA 4 




The reliability of the quantitative part, hence the system dynamics model, can be determined through 
testing and validation of the model which is very important in system dynamics research. The first step 
during model validation is the provision of accurate statistical information. A model needs to be a valid 
representation of the real referral system. Otherwise, the model provides only little useful information 
about the structure and the behaviour of the real system.  
 
Figure 5 Model validation BiMaSiMo 
The behaviour of BiMaSiMo shows high compliance with the historical data of the referral system, the 
German biomethane market (Figure 5). It can therefore be characterized as a valid illustration of the real 
system. In addition to the validness of a model the suitability of it needs to be tested in order to evaluate 
its robustness. A system dynamics model can be regarded as suitable if it is internally consistent. This 
means consistency with the assumptions and the causal relationships, the structure of the model and the 
key feedback loops describing the models behaviour in comparison to the real world. How BiMaSiMo 
responds to these factors will be explained in the following. BiMaSiMo describes the system`s behaviour 
through variables and causal loops identified by the researcher`s observation and expert opinions. Expert 
opinions regarding the qualitative share of this dissertation were given by experts in the biomethane 
market, biomethane production, sustainability aspects from both Germany (mainly DBFZ) and the UK 
(Manchester and Bath). Expert opinions regarding the quantitative share of this dissertation, namely the 
development of BiMaSiMo from a system dynamics perspective were given by experts in the field of 
system dynamics during participations (talks and workshops) at annual system dynamics society 
conferences as well as during a research visit at the system dynamics research group at the University 
of Bergen, Norway. In addition to the aforementioned measures a sensitivity analysis was performed 
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and published in JA 4. As expected the behaviour of BiMaSiMo is highly sensitive to exogenous price 




The scenarios were designed in a way to answer the question which type of biomethane (anaerobic or 
thermochemical) and how much of it will be demanded from the market until 2035 under different 
greenhouse gas reduction measures and expected potentials. To address this question we designed four 
different scenarios. The four scenarios encompass assumptions ranging from an extrapolation of the 
current situation to slight commitment to biomethane as well as the ambitious pursuit of climate 
protection goals and thus greenhouse gas emission reduction targets. The description of the scenarios is 
derived from JA 4 and recapped here (Horschig et al. 2017): 
 
• The scenario REFERENCE is defined by an extrapolation of the 2017 situation and reflects the 
development of the biomethane market if no further actions are undertaken and boundaries like 
legal framework, compensation and environmental awareness stay on the 2017 level. The 
Emission Trading Scheme is weak, the price for emission allowances stays on the 2017 level 
(6€ / tCO2eq) and plants smaller than 20MW are not obliged to participate. Research on new 
technologies (bio-SNG) stays on the current level. The scenario REFERENCE was used to 
calibrate and validate the model (Figure 5) 
 
• The scenario GREEN CUSTOMERS is defined by a slight shift of the decision-makers to reach 
the envisaged greenhouse gas emission targets and green customers recognizing biomethane as 
a renewable alternative to natural gas. Due to the persistent discussion about diesel-fuelled 
vehicles including driving bans green customers may switch to natural-gas fuelled vehicles. In 
addition, the use of biomethane in the direct heating sector is advertised more intensively. The 
Emission Trading Scheme is still ignored, the price for emission allowances stays on the 2017 
level and plants smaller than 20MW are not obliged to participate. Research on new 
technologies (bio-SNG) is intensified on a low level. 
 
• The scenario EXTENSION ETS is defined by recognition of the problem (achievement of the 
emission reduction targets) by the respective decision-makers. Measures encompass 
amendments of the legal framework of the heat and transport sector, a stricter Emission Trading 
Scheme and intensified research on technologies. Amendments of regulations like the circular 
economy act and the fertilizer regulation enable the access to more substrate on a sustainable 
basis, unexceptional waste and residual material. The price for Emission Allowances is 
increased stepwise. Energy plants smaller than 20 MW are obliged to take part in the Emission 
Trading Scheme. Research into new technologies is highly intensified.  
 
• The scenario INTENSIVE ETS is even more rigorous than the scenario EXTENSION ETS. It 
assumes a change of mind of the respective decision-makers leading to a strong support of 
renewable energy carriers, especially in the heat and transport sector. An intensive R&D-support 
completes the effort. Ambitious effort is done to identify and exploit a sustainable potential 
from waste and residual material. The amendments of the legal framework in the heat and 
transport sector are similar to scenario EXTENSION ETS. In contrast to scenario EXTENSION 
ETS the price for Emission Allowances increases higher. Analogous energy plants smaller than 
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20 MW are obliged to take part in the Emission Trading Scheme. Furthermore the number of 
green customers increases more than in the EXTENSION ETS scenario. 
 
3.3 Extension of first model version (Methodology Sub-Question 3) 
 
To answer this sub-question different business options associated with carbon capture and utilization 
(CCU) for biomethane plants being exemplarily for other applications and suitable for different plant 
sizes were analyzed in JA 5, but not scenarios. This was done to estimate market penetration possibilities 
for promising technologies associated with biomethane production. As a consequence, one is able to 
show how production capacities could be secured within the biomethane market without changing the 
legislative framework (which is opposite to the simulated scenarios). The business options encompass 
the combined production of bio-LNG (biomass based liquefied natural gas) and dry ice via a cryogenic 
approach (business case 1), utilization of CO2 in the chemical industry (business case 2) and the 
production of high value chemicals (business case 3). It has to be mentioned that the identified business 
options are between demonstration phase and close to market implementation and estimated prices, 
CAPEX, OPEX, etc. are derived from literature, research projects, and process simulations. 
Nevertheless in combination with BiMaSiMo it is possible to estimate the future business prospects of 
the presented case studies using different market uptake scenarios and assumptions (Horschig et al 2018 
currently under review).  
The business options are implemented in BiMaSiMo via an extension to estimate possible market 
penetrations and diffusions. To simulate a conceivable market diffusion of innovative business cases for 
biomethane plants a modified Bass Diffusion Model (BDM) partially introduced by Sterman was used 
(Sterman 2010), which incorporates growth in the size of the total market. Subsequently the modified 
BDM was linked to the part of the model calculating production for a representative biomethane plant 
as well as CAPEX, OPEX and the total attractiveness of the product compared to fossil alternative. In 
addition, the newly developed sub-model for the task of answering sub-question 3 of this dissertation 
was linked to BiMaSiMo. This process is shown in the causal-loop-diagram (CLD) displayed in Figure 
6. A numeric description of the model can be found in the supplementary data file of JA 5.   
 
 
Figure 6 Causal-Loop-Diagram of additional parts of BiMaSiMo 
The presented causal-loop-diagram (Figure 6) was designed equally for the three different business 
cases. It illustrates feedback structures and causal relationships of the system and within the newly 
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developed sub-model. In addition the linkage to BiMaSiMo is shown by the dotted arrow. The Loops 1 
– 3 identify the three feedback structures of the sub-model.  
Loop 1 shows the relationship between potential adopters and the adoption rate from word-of-mouth 
(+) which in turn influences the number of adopters (+). An increasing number of adopters will decrease 
the potential adopters (-). Loop 2 shows the relationship between potential adopters and the adoption 
rate from advertising (+). The adoption rate from advertising influences in turn the number of adopters 












































This chapter presents the answers of the overall research questions broken down on the sub-questions 
with regard to the respective JA where the results have been published.  





How could one capture the dynamics and utilisation complexities in an 
integrated approach for renewable energy policy evaluation?  
 
Article name Are decisions well supported for the energy transition? A review on 




Energy, Sustainability and Society 
 
The answer of the above stated question is a tabular framework providing a guideline for modellers with 




Figure 7 Modelling approach accessing framework for biomethane market model 
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According to the results of the framework illustrated in Figure 7 two methodologies have been identified 
that fulfill the demand (see chapter 3.2), namely system dynamics modeling and hybrid approaches 
(Figure 7). Hybrid models are combinations of the several different policy evaluation methodologies 
presented in this manuscript. In this way, hybrid models can minimize (or even abolish) drawbacks of 
using only one single approach. However, they are not a restriction-free solution (Horschig und Thrän 
2017a). In addition hybrid approaches are highly resource consuming (time and staff) and therefore not 
suited for the boundaries of a dissertation. As a consequence, I decided to use the system dynamics 
methodology as foundation for the German biomethane market simulation model. Pros and drawbacks 
of system dynamics methodology can be summarized as follows:  
System dynamics modelling distinguishes itself from a high level of traceability. It is characterized by 
being a modelling technique fitting to a broad field of research questions with the possibility that a 
comprehensive policy mix optimization could be added. In this way, the most sustainable and successful 
mix of policies could be derived. Qualitative system dynamics models like causal loop diagrams 
reflecting cause-effect relationships can be set up without a simulation or computing environment. The 
transfer of a qualitative to a quantitative system dynamics model is usually done in software 
environments like Stella, Vensim, or Powersim because of a better visualization ability and faster 
solving of the implemented differential equations. Midterm to long-term simulations can be computed 
comparing different scenarios. Drawbacks of this modelling approach are seen in the validation of the 
interdependencies, defined by the model developer and the necessity of calibrating the model with 
suitable data, i.e., historic data. If there is no real referral system, a calibration with real or historic data 
is not possible. Furthermore, system dynamics models are hardly used for modelling short-term effects, 
because their strength lies in the identification of dynamics in the system that often show their behaviour 
in the mid to long term. A prerequisite for system dynamics modelling is a dynamic behaviour of the 
examined system and interaction between system components through feedbacks, which distinguish it 
from methodologies assuming a static market, like CGE (Computable General Equilibrium) or partially 
agent-based modelling. In addition, system dynamics is strong in considering learning effects and 
technology innovation (Horschig und Thrän 2017a). 
 





How will the German biomethane market react on changing boundary 
conditions/policies in terms of producing capacity, greenhouse gas 
emissions and natural gas substitution pathways? 
 
Article name Reasonable potential for GHG savings by anaerobic biomethane in 
Germany and UK derived from economic and ecological analyses (JA 
3) 
 
Published in Applied Energy  
 
Article name Model-based estimation of market potential for Bio-SNG in the 
German biomethane market until 2030 within a system dynamics 




Published in Agronomy Research 
Article name How to decarbonize the natural gas sector: A dynamic simulation 
approach for the market development estimation of renewable gas in 






The economic and ecologic analysis presented in JA 3 provide ex-post information and serve as basis 
for the following model development referring to step 1 of a system dynamics model development. The 
results show that a time horizon of 2000 - 2035 enables one to observe mid-term effects of policy 
changes for the time when first biomethane plants are considered to run out of REA subsidies 
(assumption: 20 years of operation). Through an analysis of the historic market development the main 
variables have been identified (i.e. natural gas price, feedstock prices for biogas production, CAPEX 
and OPEX cost structure, biomethane plant aggregation). In addition main linkages and feedback 
structures have been identified (i.e. feedstock availability – biomethane production, cost reduction 
through learning effects). Besides laying the basis for the following model development JA 3 used a 
country comparison approach to show how each country could now benefit significantly from exploring 
the approach of the other and expanding beyond their successes to date to increase future GHG 
reductions and meet RE targets. Exploiting the reasonable potential for biomethane in Germany could 
increase GHG emission savings to 4483 kt CO2eq and thus a plus of about 50%. In this way biomethane 
could contribute to further GHG emission reduction with a share of 15%.The presented approach shows 
how policy makers can learn from other countries, markets and paths to a decarbonized energy system 
and associated GHG emission reduction.  
Whereas the basis for the anaerobic digestion pathway was laid by the work on JA 3, an analog process 
for the thermochemical pathway was not possible due to the fact that this pathway is not yet market 
implemented and thus only little data is available. Therefore the model development based on literature 
and model testing and modification. As a consequence a bio-SNG submodel was developed and 
published. The results referring to JA 2 indicate that a capacity development of bio-SNG in the CHP 
sector at current (2015) support is only possible with low bio-SNG prices of 5 €ct / kWh. A further 
decarbonisation of natural gas supply chains in the CHP, heat and transport sector can only be achieved 
with additional support and further R&D effort to decrease current bio-SNG production costs (Horschig 
et al. 2016b). 
 
Both above mentioned approaches and their results were further combined in the development of 
BiMaSiMo which was combined with scenarios in order to answer the respective research question. The 
scenarios described in 3.2 were simulated using BiMaSiMo and the achieved results were published in 
JA 4 (Figure 8). The simulation results show that a large proportion of the biomethane used today can no 
longer be produced economically when the financial support of the REA ends after a period of 20 years. 
Additional financial support besides REA only has marginal influence on the production capacity. The 
support of gas driven vehicles in the transport market fosters a promising sales market for biomethane. 
The sales market of direct heating is not able to compensate the capacity losses from the CHP market. 
Marketing and investment effort in the direct heating market will lead to minor capacity development 
of about 300 TJ. In comparison to the total amount of biomethane in the market of about 30,000 TJ per 
year this is just a minor share. New instruments like a fix addition quota could increase the biomethane 
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sale in the direct heating market. The transport market would be able to compensate large proportions 
of the losses from the CHP market under a strong stepwise increment of the price for emission 
allowances to a level above 100 € per ton CO2 leading to a capacity development of about 5000 TJ in 
the transport sector. A functioning emission trading scheme with higher prices reflecting environmental 
costs of energy use would be a major step for a successful transition towards a renewable energy system.  
 
 
Figure 8 Results from scenario simulation 
 





Which role can play future technologies and promising business 
options using arising side products of biomethane production to 
improve market access? 
Article name From Paris agreement to business cases for upgraded biogas: Analysis 
of potential market uptake for biomethane plants in Germany using 
biogenic carbon capture and utilization technologies (JA 5) 
 
Published in Published in Biomass & Bioenergy 
 
The results of this research are presented in JA 5. Simulation results indicate that business case 1 (bio-
LNG and dry ice production) is capable of being a future business option for biomethane plants under 
certain boundary conditions like the use of organic waste as feedstock and the complete sale of the 
produced dry ice. Blending can increase the sale amounts but simulation results show that supportive 
actions like advertisement rather than direct incentives are more important for the creation of a 
promising sales market. Business case 2 (production of chemicals) is not yet seen capable of being an 
economic feasible business case under current boundary conditions. The introduction of a green 
premium for sustainable raw materials like methanol from biogenic CO2 could increase the price and 
thus the sales possibilities. Business case 3 (sustainable biowax production) is seen as an economic 
feasible business option under certain conditions, namely the use of organic waste as feedstock and a 
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minimum price of 4€ / kg for the sustainable biowax that is produced in this process. The combination 
of the potential from business case 1 and 3 results in a biomethane production capacity between 2160 
m³/h (conservative), 6540 m³/h (moderate) and 20,840 m³/h (optimistic) (without blending policy). In 
Figure 9 one can see that the energetic utilization will dominate the utilization pathways of anaerobic 
biomethane in the future. The option of using biomethane for the production of biowax (material 





























The use of system dynamics proved to be a suitable choice for the complexity of the biomethane market 
in Germany. One strength of BiMaSiMo is its general ability to be extended. In this way it can be adapted 
to future changes of the system and new technologies. Furthermore BiMaSiMo distinguishes itself from 
other modelling methodologies by a high degree of transferability.  
 
However, the here presented approach is not free of limitations. For a better accessibility, limitations 
will be categorized in three groups, namely theoretical, practical and data limitations.  
 
The theoretical limitation encompasses issues like the unexpected future. Policy makers can come up 
with totally new support programmes or changes of the legal framework that were not covered by this 
dissertation due to their unpredictability. One example can be seen in current thinkings about different 
price schemes for flexible power that is currently discussed by the European Union and potentially 
impact the here discussed biomethane market (Manager Magazin 2017). Furthermore, business cases 
were evaluated on their economic feasibility. In the mid-term there could be new business ideas and 
technologies respectively that could affect the economic situation of biomethane plants but that were 
not covered by this dissertation due to their unpredictability. In addition the development of crucial 
variables like costs for feedstock (i.e. straw, manure, bio-waste) and natural gas had to be estimated 
based on past development and projections of other studies.  
 
The practical limitation encompasses issues like the complexity of the examined system that was not 
able to be captured. This comes along with the fact that a model is always just a simplified representation 
of the real world. With this fact the limitation itself is explained. BiMaSiMo is able to replicate the 
historical development in a sufficient manner and allows one to estimate future systems behaviour to 
changes of the system. However, BiMaSiMo is a simplification of the real world and cannot capture all 
variables and feedbacks of the system. For example, BiMaSiMo is set-up for the simulation of the 
German biomethane market only. In its current version, it reflects only national economics and neglects 
trade with other biomethane markets. Another practical limitation is the simplification of various 
different biomethane plant concepts to eleven model plants across the different sectors. Finally one can 
consider the simplification of green customers to a unique group of people with one choice of behavior 
as limitation. In the future, one could distinguish different customer groups with different behaviour.  
 
Furthermore it needs to be discussed if system dynamics is the appropriate methodology to answer the 
research questions of this dissertation. Although other methodologies are also suited to address the 
problem of the design of a market simulation model (like agent-based modelling), system dynamics is 
the best suited methodology to capture the dynamics, the systems behaviour rather than single entities 
within the system and provides a high degree of transferability and traceability. For example, with 
BiMaSiMo one can estimate the market penetration of new business options for anaerobic and 
thermochemical biomethane through a dynamic market diffusion approach.    
 
The data limitation encompasses issues like a lack of sufficient data and the availability of recent data. 
The same situation occurred during the design of the business cases. Not all of the needed data was 
available and had to be estimated by literature review, interviews or approved values. In addition, it was 
not always possible to use the most recent data due to their availability and the duration of the work on 
this dissertation. For example, the price for heat from biomethane driven CHP plants had to be estimated 
many times due to their unavailability. In addition, data for the simulation of the market penetration of 
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the upcoming business options was taken from publications, interviews and project reports because of 
their nature of being highly novel.  
 
From the combination of the simulation results of the basic BiMaSiMo model and its extension to 
simulate market diffusion of promising business cases using process CO2 it gets obvious that the current 
(2017) level of biomethane production and utilization cannot be preserved (Figure 9). In contrast, for the 
case that the legal framework of biomethane stays on the 2017 level and no further business cases can 
be realized the production capacity drops to about 4,500 TJ in 2035. The combination of an intensive 
Emission Trading Scheme and bio-LNG and biowax production would be able preserve a large share of 
the current production capacity with about 24,000 TJ in conservative market scenario and up to 30,000 
TJ for optimistic market scenario. Thermochemical biomethane contributes with zero TJ to this share 
due to too high prices for it according to simulation assumptions and learning curve simulation results. 
Biomethane from residues and waste covers the demand from the new business options (bio-LNG, 
biowax and combination of them) and the transport sector in all scenarios. Otherwise the new business 
options would have been far from being economic.  
 
Figure 9 Combined simulation results for the year 2035 
The options of relying on green customers and an extension of the Emission Trading scheme to affected 
markets of biomethane production are capable of preserving only about one third of the current 
production capacity in the optimistic market scenarios. Only an intensive Emission Trading Scheme 
with prices higher than 100 € per ton CO2 will have an immediate effect on the biomethane market 
production capacity and is thus an option to reduce dependencies on governmental compensation 
payments.  
A meta-analysis of the German Energy Agency provides information about estimated amounts of 
biomethane in the German energy system derived from qualitative studies (Dena Deutsche Energie 
Agentur 2017). Their study shows a biomethane share between 1 TWh (3600 TJ) and 10 TWh (36000 
TJ) per year in the transport sector. Exact numbers for the heat and power market are not given. The 
simulation results of BiMaSiMo indicate a share of up to 5000 TJ in the transport market under very 
high prices for emission trading schemes. Underlying no change of the legal framework the capacity is 
not going to increase significantly, which is why such a high share described by the meta-analysis is not 
reached by BiMaSiMo. The large gap can only be explained by the different approaches used. Whereas 
the meta-analysis describes numbers reached by different studies basing on qualitative analysis, in this 
dissertation a combination of qualitative and quantitative work was done. However, to reach production 
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capacity numbers resulting from BiMaSiMo it would be necessary to monetarize environmental 
pollution from conventional energy supply through the extension and intensification of the European 
Emission Trading scheme. Furthermore a shift from renewable resources as feedstock towards organic 





























6. Conclusion & Outlook 
 
To conclude, the five presented journal articles that are the fundament of the here presented dissertation 
form a unit which is able to answer the above presented overall research questions. Studies of renewable 
energy policy evaluation with reference to bioenergy are very limited and have not accommodated a 
system thinking and dynamic approach. As the strategic design and policy analysis of renewable energy 
(and biomethane in particular) are becoming more complex and difficult, a qualitative method along 
with system dynamics modelling provides an important contribution to the future energy policy 
formulations for biomethane. This dissertation is the first attempt of a systematic and strategic approach 
focusing on the description of biomethane market behaviour. Through the combination of system 
dynamics and policy analysis this research provides a sound basis for future researchers to use the model, 
develop extensions or modifications for similar problems. The conducted policy analyses revealed that: 
• A large proportion of the biomethane used today can no longer be produced economically when 
the financial support of the REA ends after a period of 20 years 
• The sales market of direct heating is not able to compensate the losses from the CHP market  
• plants receiving a comparably high financial support can only keep on producing and selling 
biomethane if there are other market opportunities than the CHP market (underlying current 
(2017) policy measures)  
• If it is the political will to preserve the current biomethane market, production capacities, and 
technology know-how there will be a strong need to create new policy measures and legal 
frameworks 
 
The subsequent simulation of changes of the legal framework revealed that: 
 
• Ensure that waste streams are more comprehensively implemented in biomethane value chains  
• New instruments like a fix addition quota could increase the biomethane sale in the direct 
heating market 
• The transport market would be able to compensate large proportions of the losses from the CHP 
market under a strong stepwise increment of the price for emission allowances. As this is a more 
long-term oriented approach, it could be supported in the short-term via the RED II. An 
estimation of the effects of the upcoming RED II amendments to Germany’s biomethane market 
could be valuable and is potentially possible using BiMaSiMo.    
• The combination of revenues from biomethane marketing (use for power, heat or fuel 
applications) together with revenues from biogenic carbon dioxide marketing are seen as options 




This dissertation presents a novel simulation approach using system dynamics methodology which has 
been developed to describe the market behavior of the German biomethane market to changing legal 
framework and upcoming business options. It has been validated with the past yearlong market 
development in Germany and thus past (investment) behavior of market participants. Subsequent, the 
first version has been used to analyze the 2016 legal framework and simulate amendments of the existing 
legal framework. A first extension was developed to estimate the market penetration of new business 
options using CO2 streams of biogas value chains. However, it has to be noted that the here presented 
simulation model can be seen as a kind of validated prototype. The model in its current version allows 
further extensions but it is necessary to consider that in its current version it is calibrated with the 
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investment behavior of market participants between 2006 and 2016. Of course, this investment behavior 
can change due to new policy measures which makes it difficult to estimate future market behavior 
under a completely different legal framework. For this purpose the model needs to be calibrated again. 
In its current version the model can be seen as final to answer the questions of this dissertation. In the 
future the model could be used to answer questions associated with changes of the legal framework of 
the German biomethane market, like the implementation of the upcoming RED II from 2021 on or to 
estimate the possible market penetration of upcoming business ideas. Therefore the model could be used 
for the purpose of policy consultation or to support developers of new technologies to support them with 
market uptake estimations.  
 
 
The first biomethane plants will be affected from 2026 on, so there are only limited years to act. 
Furthermore the issue presented here is not only a national issue. Currently more than 13 European 
countries invested in biomethane producing facilities with the help of support schemes. It is a major 
support for decision-makers to use a tool that estimates the effects of their legislative framework 
amendment. The presented approach is transferable and adjustable to other countries markets by 
modifying model parameters. Future research and the associated further use of BiMaSiMo are seen in 
the implementation of BiMaSiMo in a biomethane trade simulation model for Europe and the 
implementation of BiMaSiMo in a broader context considering biomass mobilization and market access. 
In addition the verification of the presented results with another methodology would increase reliability 
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